Fragmentation (fission) of mitochondria, occurring in response to oxidative challenge, leads to heterogeneity in the mitochondrial population. It is assumed that fission provides a way to segregate mitochondrial content between the "young" and "old" phenotype, with the formation of mitochondrial "garbage," which later will be disposed. Fidelity of this process is the basis of mitochondrial homeostasis, which is disrupted in pathological conditions and aging. The asymmetry of the mitochondrial fission is similar to that of their evolutionary ancestors, bacteria, which also undergo an aging process. It is assumed that mitochondrial markers of aging are recognized by the mitochondrial quality control system, preventing the accumulation of dysfunctional mitochondria, which normally are subjected to disposal. Possibly, oncocytoma, with its abnormal proliferation of mitochondria occupying the entire cytoplasm, represents the case when segregation of damaged mitochondria is impaired during mitochondrial division. It is plausible that mitochondria contain a "clock" which counts the degree of mitochondrial senescence as the extent of flagging (by ubiquitination) of damaged mitochondria. Mitochondrial aging captures the essence of the systemic aging which must be analyzed. We assume that the mitochondrial aging mechanism is similar to the mechanism of aging of the immune system which we discuss in detail.
In eukaryotic cells, the term "cellular senescence" is conventionalwe know that explanted cells pass through three phases in their proliferative potency: Phase 1 is associated with a low proliferative potential, Phase 2 is characterized by high proliferation, and during Phase 3, there is a gradual inhibition of cell proliferation leading to a full stop. In 1965, Hayflick wrote: "The finite lifetime of diploid cell strains in vitro may be an expression of aging or senescence at the cellular level" (1) . The term "cellular senescence" refers to a stable loss of cellular proliferative potential, while the cell remains metabolically active. It is now clear that the cause of the Hayflick limit for cells in culture is the shortening of the telomeres. This limit has been called "replicative senescence." In 1971, Olovnikov explained this phenomenon by suggesting that DNA polymerase translocating along the DNA helix cannot copy a small portion of the terminal segment of a chromosome at each division due to steric restrictions (2) . This segment was called a "telomere" and Olovnikov hypothesized (3) that in germ cells, the progressive shortening of DNA is unacceptable, so there should be a compensatory mechanism for increasing the length of the unfinished DNA, which is now known to be carried out by telomerase (4) . In this sense, the telomere is considered to be a cellular clock (5) .
Mitochondria, like cells, also have limits to their existence, and although the term "mitochondrial senescence" is almost never used, it has a full right to be used widely, since over time the structure and function of mitochondria are damaged (mostly as a response to oxidative challenge), so mitochondria need to be either repaired or marked for recycling. The question is whether mitochondria contain some sort of "mitochondrial clock" analogous to the cellular clock provided by telomeres.
To answer this question and to reach some conclusions, we need to examine what happens to the mitochondria over time, and at what point the irreversible phase occurs, inevitably requiring the destruction of mitochondria. We first define two closely related but distinct conditions: (i) mitochondrial criticality, that is, the depletion of intramitochondrial redox buffers in response to oxidative challenge (resulting for example in oscillation of mitochondrial membrane potential and leading to spatial and temporal heterogeneity of excitation in the cell, which is the general cause of arrhythmias) (6, 7) and (ii) the point of no return, interpreted as a moment when the mitochondria release apoptogenic factors resulting in an irreversible degradation of not only the mitochondria but also cells. The induction of nonspecific mitochondrial permeability precedes the point of no return (8) .
There is no doubt that these critical levels are not achieved by leaps, but rather are the result of the gradual accumulation of destructive mitochondrial changes that culminate in the opening of a megachannel in the inner mitochondrial membrane (9, 10) . As a result of these progressive changes, mitochondria begin existing in the "wrong," atypical, mode. The need to destroy the "wrong" (11) mitochondria is as essential as the destruction of the "wrong" cells (12) . This can be understood by returning to the process of phase changes in cell proliferation, in which the last phase (Phase 3) ends with the cancellation of cell reproduction. Apparently, this occurs in order to prevent a copy of a "wrong cell," which during its lifetime had acquired a number of undesirable changes. Otherwise, the accumulation of wrong cells will lead to a pathological phenotype of an organ. The prevention of the proliferation of the "wrong" cells provides a way to protect the organ and the organism from inevitable degeneration, inflammation (13) and, ultimately, death. The same argument logically applies to the mitochondria, because reproduction of "wrong" mitochondria, given the diversity of mitochondria and their functions (14) , would lead to undesirable degeneration of the cell and its death. For mitochondria, there is a hypothetical mechanism of "quality control" which is quite sophisticated. Later, we will take a closer look at this process, but for now, we will focus our attention on the question: What in the mitochondria is changing with time? Because by consensus the mitochondria are evolved from gram-negative bacteria (15) (16) (17) (18) , it is logical to refer to bacterial aging.
Do Bacteria Age?
Bacterial aging has long been denied because it was thought that by dividing, bacteria constantly reproduce cells with the same, and therefore juvenile, properties (19) . However, in the last decade, these views have begun to be revised (20) (21) (22) . The basis for this revision was the analysis of the mechanisms of bacterial reproduction (division). In principle, the division of bacteria becomes non-mandatory under nonproliferative conditions, such as fasting, when bacteria develop so-called conditional senescence. Under these conditions, the bacterium retains the synthesis of critical proteins, one of which is a transcription sigma factor σ s (23) , which definitely plays an important role in antioxidative defense, but the cell cannot afford full repair of the results of degenerative processes and therefore stops proliferating. There are a number of other indicators of bacterial aging, and they are clearly not limited to oxidative damage of macromolecules, which is a main point of the free radical theory of aging. This theory requires the compilation with other concepts (24) . The bacterial aging process is remarkably noticeable under aggressive conditions, beyond fasting (25) .
Aging and the Asymmetry of Fission
The common definition of aging is based on the decline in survival and reproduction, which by most researchers is recognized as a genetically defined program (20, 26, 27) . One solution to overcome this program is frequent reproduction, which has a rejuvenating effect on the population, as young individuals are born with a full life potential (28) . In multicellular organisms, this is manifested by the fact that aging is observed in parents, which at birth of the offspring retain old signs (old phenotype), while the descendants are free of such senile signs (young phenotype). This is the basis of preservation of a population, as individuals grow old and die, while constant appearance of young organisms replenishes the population. This duality is explained in the framework of the immortality of germ cells (29) . There is a clear asymmetry of cell division, which is manifested in the presence of two phenotypes during reproduction. So far, we can only guess about the causes of such asymmetry, but presumably it is largely determined by structural rearrangements taking place in time with separation of elements that are not necessary for existence of the cell.
Living systems constantly accumulate degenerative changes over time, which in the framework of the free radical theories of Harman (30) are interpreted as the increase of oxidants in the living system and the resulting undesirable oxidative modification of living components. However, it should be noted that some facts cannot be easily explained in a straightforward manner within the framework of this theory. For example, based on Harman's theory, the activity of the antioxidative system decreases with time, however, it has been shown that the level of catalase may rise or fall with age in different organs (31) . Similarly, the levels of other antioxidative enzymes in the same tissue may increase or decrease with age (32) .
In prokaryotes, such as Escherichia coli, when division was artificially banned, the level of protective antioxidative enzymes increased dramatically with time, resulting in resistance to oxidative stress (33, 34) , while oxidative damage of proteins in these bacteria increased (35, 36) . Similar paradoxical high levels of oxidized proteins have been observed in the naked mole rat (37) . Possibly, elevated levels of oxidized cell components do not indicate a high level of oxidative stress. Such inconsistency might be somehow hidden in two facts: (i) abnormal proteins are disposed through proteosomal degradation involving protein oxidation and (ii) oxidized proteins are more prone to proteolytic degradation than unoxidized proteins (38, 39) . But, without any doubt, the extent of degenerative changes in living systems increases with time and there are only two solutions to this problem: either to repair these changes with a return to normal status or to remove these products from the system. Both mechanisms take place in biological systems. Leaving aside the systems for repair of proteins, lipids, and nucleic acids in the cell, we will focus on the removal of waste products from the cells, which can follow one of two paths. The first path involves the initial segregation of undesirable products (eg, oxidized and aggregated proteins) from components maintaining their normal physicochemical and physiological functions (40) , and the second involves the abortion of the entire system: elimination of mitochondria through mitoptosis/ mitophagy (27, (41) (42) (43) or cells through different mechanisms of cell death (44) . Currently, there is a bulk of accumulated data on the presence of a sorting mechanism for cellular or mitochondrial garbage before the step of cell division, followed by their redistribution between daughter cells (45) (46) (47) (48) .
In bacteria, for example, E coli, under certain conditions (eg, under oxidative or heat stress), proteins form insoluble inclusion bodies (49) , albeit in small quantities. The distribution of inclusion bodies in E coli demonstrates an obvious asymmetry (50) . In the opinion of the majority of authors, the asymmetry was determined by the presence of poles in the bacterial cells as centers of segregation (51) , where it was possible to distinguish an "old," existing pole and a "new" pole formed after the division. In cells that inherited aggregated proteins, the growth rate was 30% lower than in their counterparts that did not inherit these proteins (50) . Similar asymmetric inheritance of traits was observed for the prokaryote Caulobacter crescentus (20) , which demonstrated an obvious distinction between inheritance for the parent and daughter cells, associated with retardation of the growth of the parental cell and its division arrest. These observations gave grounds to assume the existence of a process of rejuvenation in bacteria, which is accompanied by the emergence of a generation deprived of old traits as a result of asymmetric distribution of damaged cellular components between daughter cells. It has been suggested that cell polarization emerged to restrict unwanted aging of a daughter line (50) (51) (52) (53) . Another view is that asymmetric distribution of damage between daughter cells can also be a manifestation of a strategy to repairing accumulated damage which is not directly related to aging (19) . The prevailing view is that asymmetric inheritance of damaged proteins provides an advantage for the growth of daughter cells, which is beneficial for bacterial populations (25) .
Similarly, asymmetric division is observed for single-cell eukaryotes, like yeasts (54) (55) (56) . Note that in some eukaryotes, structures similar to prokaryotic inclusion bodies have been found (57). In yeast, the level of carbonylated proteins correlates with the level of protein aggregates, however, they mostly remain only in mother cells (45) . This fact confirms that degenerative structural changes in yeast, which at least partially define the aging process, are distributed asymmetrically among components of the dividing yeast cell. It has been suggested that asymmetric inheritance of damaged proteins is essential for development, differentiation, and aging. In Saccharomyces cerevisiae, asymmetry of aging is determined by the isolation of intact components of cells and placing them in the bud, later forming the daughter cell (47) .
Multicellular eukaryotes are also not an exception in having a process of asymmetric distribution of components among the parents and children. For example, in the fruit fly Drosophila melanogaster, the asymmetric heritability of aggresomes in neuronal precursors has been observed (48) . Aggresomes are cytoplasmic inclusions containing ubiquitinated proteins with incorrect conformation, which are localized in the cell next to the centrosome. Aggresomes appear when all options to remove damaged proteins via the proteasomal system are exhausted. As a result, conglomerates in the form of granules are accumulated in the cell and proteins are removed from cells via autophagy instead of proteasomal degradation (58). Cells containing aggresomes are able to enter mitosis, but aggresomes are accumulated in only one daughter cell, leaving the other free from potentially toxic, incorrectly folded proteins (48) . Thus, the descendant cells unequally inherit oxidative indicators of aging that result in differences in reproduction rate.
In a recent study, the segregation of old and young mitochondria from human stem-like cells of the mammary glands has been analyzed (46, 58) . Stem cells divide asymmetrically, giving rise to a new stem cell and a progenitor cell that subsequently undergoes differentiation. It has been observed that under asymmetric division of stem cells, the distribution of mitochondria among daughter cells is not symmetrical-old mitochondria are distributed unevenly across two daughter populations, while for young mitochondria this asymmetry is not as pronounced. Moreover, old mitochondria are distributed mainly in a perinuclear zone, while the young mitochondria are uniformly distributed in the cell. Further analysis showed that the newly formed stem cells harbored significantly fewer old mitochondria than cells that were further undergoing differentiation. Thus, stem cells basically preserved a young phenotype of mitochondria, indicating directed segregation of young and old mitochondria to daughter cells, as a result of asymmetric division. A very important conclusion was made that the asymmetric distribution of old mitochondria between daughter cells is a requisite to maintain the stemness in some cells (46, 58) .
In all aspects, a stem cell may be regarded as a young cell, and asymmetric distribution of damaged components of the cell can be considered as the process of rejuvenation of cells, thereby eliminating "senile" signs, in particular the senescing mitochondria. What is the principle and mechanism of mitochondrial segregation into "old", that is, unwanted and "young", that is, wanted mitochondria? The search for these principles may be hidden in the mechanism of mitochondrial quality control, where the main indicator of quality of mitochondria is the value of their transmembrane potential (59, 60) . This value, on the one hand, should not be very large, because hyperpolarized mitochondria produce more reactive oxygen species (ROS) (61,62), which is not always good for the cell and such mitochondria are very difficult to sort out, because they fail the test for low membrane potential. On the other hand, the transmembrane potential should not be so low that the mitochondrion is no longer a producer but a consumer of adenosine triphosphate (ATP), as a result of the reversal of the ATP-synthase reaction in order to maintain the desired values of membrane potential (63, 64) .
Damaged mitochondria with "old" phenotype are detected by a quality control system based on the value of the membrane potential. The principle of operation of this system, the main components of which are the proteins PINK1, parkin. and LC3, is based on the appearance on the mitochondrial surface of ubiquitination signals caused by reduced mitochondrial membrane potential (59, 65) . As a result, the dysfunctional or damaged mitochondria are labeled with ubiquitin, and then with the participation of proteins BNIP3 and BNIP3L/NIX, bind to autophagosomal membrane protein LC3 and are subjected to mitochondrial autophagy (mitophagy). Based on the existence of this system of ubiquitination of mitochondria and autophagic or proteasomal degradation, it becomes clear that the accumulation of damaged mitochondria is only possible in the case of a malfunctioning of the quality control mechanism. The old cellular phenotype seems to be associated with an increased number of nonfunctional mitochondria and must be a result of inadequate detection and destruction of these mitochondria.
Apparently, a breakdown in this quality control system can be a mechanism for aging. Indeed, there is quite a lot of evidence that a reduction in the amount and/or activity of proteins involved in proteasomal degradation occurs with increasing age of the organism. It has been shown that the degradation of oxidized proteins by the 20S proteasome decreases with age (66) or in the process of cellular senescence (67, 68) . In parallel, there is evidence that aging (at least in Caenorhabditis elegans) is associated with an increase in mitochondrial mass in all tissues, which is related to the retardation of the system for mitochondrial elimination and occurs due to the accumulation of dysfunctional mitochondria (69) . In addition to the cellular system of proteasomal degradation, mitochondria possess their own system of quality control for proteins, represented by Lon and Clp proteases, which remove damaged (primarily oxidized) proteins, and the activity of these proteases can change during aging (70) . Interestingly, the bacteria also have a similar machinery to remove oxidized or improperly folded proteins (71) . Finally, several studies have described a correlation between the life expectancy of an organism and the activity of its systems of proteasomal degradation (72) . Perhaps it is the activity of the systems controlling the functional intactness of mitochondria and other cell components that maintains the "young" phenotype of cells, whereas the extinction of this activity leads to senescence, and ultimately to aging and death of the cells and organism.
It should be noted that not all unwanted time-dependent modifications within the cell and specifically in the mitochondria are oxidative in nature. However, the contribution of non-oxidative modifications is hard to evaluate quantitatively. So far, we cannot say, for example, that oxidation of biological molecules in mitochondria is more common than acetylation, phosphorylation, ADP-ribosylation, lysine acylation (succinylation, glutarylation, and malonylation) glycation, glutathionylation, and so on. In recent years, special attention has been paid to the process of acetylation (mostly nonenzymatic, depending on the availability of acetyl CoA) (73, 74) as an aging factor and deacetylation (by deacetylases, such as Sirt3-5) as a rejuvenation factor, although the phosphorylation/dephosphorylation of mitochondrial proteins is no less important in aging (75, 76) . All of the above-mentioned modifications are just part of a long list of posttranslational modifications which can dramatically change the catalytic activity of mitochondrial proteins and highly contribute to disease and aging. There are many excellent reviews on the role in aging of posttranslational modifications/epigenetic regulation in mitochondria (ie, see references (77-79)).
Mitochondrial Fragmentation/Fission as a Mandatory Step in the Process of Mitochondrial Quality Control
One of the unexplained aspects of the mitochondrial quality control system is the process of segregating mitochondrial content after damage. A well-known example of such segregation is the fact of segregation of mitochondrial DNA determining the large chunk of cell pathologies (80) . Admitting the importance of the segregation of mitochondrial DNA to the phenotypic manifestations of mitochondrial diseases (81), we will not touch it but focus only on the process of mitochondrial fragmentation/fission, which is probably a key point in the process of segregation of any mitochondrial material.
The process of global mitochondrial fragmentation was discovered in 1983 in a cell culture exposed to mitochondrial inhibitors (82) . This process differed from the well-known process of local unitary cleavage of the mitochondrial reticulum, forming a single fragment (83) . In the former case, the entire mitochondrial population was susceptible to splitting into small rounded mitochondrial fragments (Supplementary Figure 1) . Later, this type of mitochondrial fragmentation was observed in response to many substances targeting mitochondria (84) (85) (86) , and subsequently it became the object of many studies, receiving a different name: "mitochondrial fission" (87) . In the past few years, the description of the process of fragmentation has progressed in detail and still needs a lot of attention. This topic has already been covered by excellent comprehensive reviews written by highly qualified and recognized experts (88-93) and will not be discussed here not to overshadow the concept of segregation of mitochondrial content.
Electron microscopic study of the mitochondrial ultrastructure in cells undergoing a global fragmentation of mitochondria revealed not only the transformation of the elongated mitochondrial structures into numerous globular structures (82, 94, 95) but also revealed the presence of two populations of mitochondria: mitochondria having normal (orthodox) ultrastructure and swollen mitochondria with signs of damage (Supplementary Figure 1D) . The formation of septa within mitochondria often separating the matrix into different ultrastuctural compartments ( Figure 1A and B) , preceded the emergence of these two types of mitochondria.
Recently, in the kidney sections or kidney cells exposed to oxidative stress, an increasing heterogeneity was noted not only in the magnitude of transmembrane potential (84, 96) but also in the opacity of the mitochondrial content (85, 97) . This corresponds to old data indicating a quick change of the ultrastructure of mitochondria caused by variations of energy parameters after exposure to different mitochondrial drugs (98) .
We observed that oxidative stress leads to the segregation of mitochondria by structural-functional characteristics. The segregation apparently occurs as a result of damage to mitochondrial structures with subsequent segregation and separation of damaged contents in the mitochondria that can be recycled. Disposal of damaged mitochondrial structures occurs by the mechanisms described earlier.
However, it can be assumed that inappropriate operation of the segregation mechanism for damaged mitochondrial content during division of mitochondria could at maximum result in more homogeneous population of mitochondria when all mitochondria are damaged. It is possible to speculate that this is the cause leading to proliferation of mitochondria in oncocytotic cells in which almost the entire volume of cytoplasm is occupied by swollen mitochondria having more or less identical conformation (99) . Apparently, oncocytoma demonstrates the extreme case where damage to mitochondria takes place while segregation is absent while there is an active mitochondrial division, which phenotypically can be coined as "mitochondrial cancer."
Where Might the Mitochondrial Clock Be Hidden? Lessons From Immunology
The actions of the mitochondrial quality control system and the elimination of dysfunctional organelles by mitophagy in part resemble the elimination of pathogens and cells damaged by these pathogens (for example, infected by a virus or malignantly transformed) by an organism's immune system. Given the bacterial origin of mitochondria, such a parallel does not seem absurd. In principle, the digestion of mitochondria by lysosomes, as a terminal stage of mitochondrial death, and phagocytosis of bacterial cells by macrophages have very similar features. As soon as this point of view is taken, it opens an alley to understand the mechanisms of mitochondrial aging and the mitochondrial clock by analogy with the aging of the immune system. One of the major signs of aging of the immune system is the accumulation of regulatory T cells and a decrease in the number of active T-killer cells and B cells (100) . Such a change in the ratio of different populations of lymphocytes leads to a significant proportion of memory cells (B and T cells) being in a state of anergy (101, 102) . Thus, although these cells are "trained" to respond to certain antigens, they cannot develop the desired immune responses, because they are inhibited by signals from T-regulatory cells.
It can be assumed that the system of quality control of mitochondria may undergo similar changes during aging. At a young age, the PINK-PARKIN system (59) fully reacts to any functional manifestations of mitochondrial dysfunction, sending mitochondria with low potential to autophagosomes.
In order to give a tip as to where mitochondrial clocks can potentially hide, we will briefly describe the mechanism of flagging impaired mitochondria. The main feature of this process is ubiquitination, in which a protein sentenced to degradation is covalently ligated to ubiquitin, a 76-amino-acid oligopeptide. Protein ubiquitination requires the sequential action of three enzymes (40, 103) . During the first step, the C-terminal Gly residue of ubiquitin is activated in an ATP-requiring step by a specific enzyme, E1, forming adenylate ubiquitin. During the second step, activated ubiquitin binds to a Cys residue of the ubiquitin-carrier protein E2. The third step, binding to a target protein, is catalyzed by the ubiquitin-protein ligase E3. In the entire process of ubiquitination, the most complicated and intriguing is the third step, which yields ubiquitinated protein in which the number and ordering (3D architecture) of bound ubiquitins vary significantly (104, 105) . Because the "ubiquitin code" has not been deciphered (106) and its meaning remains unknown, we can suggest that this code may contain information on the age and/or level of damage of specific micro-and macrostructures subjected for degradation, including mitochondria.
If so, the mitochondrial aging process may be reversed because in parallel with ubiquitination, a reverse process is going on as deubiquitinating enzymes remove the "black label" from the mitochondria (107,108) resulting in inhibition of mitophagy if the dysfunction of these mitochondria is not too extensive so they can be repaired and returned to normal function. These processes are in constant equilibrium, on one hand removing fatally damaged mitochondria, on the other, limiting the activity of the system of quality control to prevent mitophagy of the entire mitochondrial population. Over time, a gradual shift toward repression of mitophagy can lead to the development of increasing tolerance of the quality control system to the presence of improperly functioning mitochondria. While in the young cell, such restriction of the activity of the quality control system is adaptive in nature (not allowing the cell to "digest itself" in response to the slightest transient lesions), during aging this restriction becomes maladaptive, allowing accumulation of an increasing number of damaged mitochondria. Indirect confirmation of a loss of efficiency in the mitochondrial quality control system may be provided by the observation of an increasingly heterogeneous distribution of transmembrane potential in the mitochondrial population. Such increased heterogeneity of mitochondria has been observed in pathologies accompanied by oxidative stress (97) . Based on the postulates of the oxidative theory of aging, where oxidative stress is placed in the center of the genesis of aging, the assumption of the time-dependent decline in the efficiency of mitochondrial quality control seems reasonable and requires verification.
Similar phenomena are observed in the immune system. The development of anergy of T and B cells is the basis of immune tolerance, emerging mainly in embryogenesis and serving to prevent immune responses to the organism's own antigens (autoimmune reaction (109) ). However, with aging, the same regulation leads to an increase in the proportion of anergic cells among T and B cells, already "configured" in the fight against alien antigens, and as a result, a decrease in the organism's ability to resist infections and eliminate malignant transformed cells (110) .
Perhaps the functional pendulum swinging between mitochondrial ubiquitination and deubiquitination (107, 108) is constantly moving in response to nonpathological oscillations of the transmembrane potential (eg, displayed as mitochondrial membrane potential flickering (111)) and counts the time for the quality control system to reach a state of anergy. As a result, the accumulation of "wrong/ old" mitochondria gradually makes the entire mitochondrial population of a cell "old," and thus establishes the phenotype of the cell as aged.
For the mitochondrial quality control system, the level of ubiquitination reflected in the ubiquitin code (106) is critical in determining which mitochondria will be marked for destruction, thus creating a certain threshold for the death sentence. It may be that the ubiquitin oligomers configuration (eg, the length or branching (106)) is decisive for the final verdict. As we discussed earlier, delaying the deadly verdict will result in a progressive aging phenotype of the cell.
Recent data point to the importance of epigenetic factors contributing to mitochondrial aging because the age-associated phenotype found in elderly fibroblasts could be reversed, thus indicating that age-associated disorders are expressed under the control of epigenetic regulation, not by mutations in mitochondrial or nuclear DNA (112) .
Mitochondrial Aging Versus Cell Aging: Lessons From Molecular Biology
A separate but related question is whether mitochondrial aging affects the aging of the host cell. Examining the concept of retrograde signaling, in which the signals emitted from plastids, particularly in mitochondria, dramatically change the expression of nuclear genes, we can note a rather large set of factors engaged in a mitochondrion-nucleus cross-talk. Undisputable factors are ROS formed by mitochondria, which ultimately determine the redox state of the cell through welltuned mitochondrial production of ROS and of redox buffers such as glutathione and NAD(P)H (60) . The important role of intracellular redox state homeostasis in senescence has been widely discussed (for review, see (113)), thus emphasizing the key role of mitochondria in aging. Another aspect of this role is the mitochondrial unfolded protein response (UPR mt ), which is initiated by a shift of equilibrium between properly folded and unfolded or misfolded proteins (114) . The appearance of "wrong" mitochondrial proteins in aging cells (Figure 2 ) is a violation of the general principle of protein homeostasis (proteostasis) in a healthy cell. This triggers UPR mt , in which a number of mitochondrial factors ignite a retrograde signaling, creating the situation of a deleterious "mitochondrial stress" analogous to the "ER (endoplasmic reticulum) stress" (115) tentatively involved in the cell aging process (113) .
Mitochondrial retrograde signaling was deciphered in detail in C elegans and its relevance to aging, healthy life span, and longevity was proposed (116) . This was also comprehensively explored in another unicellular species, the budding yeast S cerevisiae. Three retrograde response genes from the RTG family were revealed: Rtg1p and Rtg3p forming a dimer trafficking from cytosol to the nucleus and regulating gene expression and Rtg2p, which is a sensor of mitochondrial stress (117) .
In mammalian cells, at least two examples of UPR mt have been described. The first was evidenced as a cellular response against truncated ornithine transcarbamylase (OTCΔ) residing in the mitochondrial matrix (118) . This response included the involvement of DNA damage-inducible transcript 3 protein/CHOP-10. As a result, aggregation of OTCΔ caused significant changes in gene expression of mitochondrial proteins (Tim17, NADH dehydrogenase subunit 2, caspase recruitment domain-containing protein 12/CARD12, endonuclease G, and cytochrome C reductase), proteases (ClpP and ATPdependent zinc metalloprotease YME1L1), and chaperones (HSP60, HSP10, DnaJ homolog subfamily B member 1/HSP40, mitochondrial-processing peptidase subunit β, and mitochondrial thioredoxin/MTRX) (119) . A variety of UPR mt which does not involve the CHOP-10 mechanism has been found to be initiated by a mutant, catalytically inactive endonuclease G residing in the mitochondrial intermembrane space (120) . The targeted nuclear gene in this retrograde signaling pathway was the estrogen receptor, which activation was ROS dependent.
It is evident that this retrograde signaling is not controlled by a single primary factor which ignites nuclear genes expression in a universal way. Metabolite profiling, bioinformatics approaches, and genetic studies suggested and later confirmed the existence of a set of signaling molecules which act as messengers, hatched from mitochondria and modifying the expression of nuclear genes (121) .
Conclusion
The term "mitochondrial aging" is not conventional, despite the known existence of time-dependent modifications of mitochondrial content, associated with a loss of functionality. The role of the mitochondria is not limited to bioenergetic functions but also includes a rich assortment of alternative functions involving programmed cell death, cell proliferation, differentiation, detoxification, thermogenesis, synthesis of signaling and nonsignaling molecules, and so on (60) . Compromise of any of these may lead to unbalanced energetic and nonenergetic function of the cell occupied by the mitochondria. With time, the contribution of dysfunctional mitochondria in the total mitochondrial population increases, resulting in the rise of mitochondrial heterogeneity. Today, for scientists, measuring the transmembrane potential of hydrogen ions (122) is the easiest experimental approach to assess mitochondrial functioning, and this parameter is likely the key indicator monitored by the quality control system (55, 59) . Perhaps it is the breakdown of the mitochondrial quality control system functioning with time that is an attribute of aged mitochondria. Markers of aging are obviously hidden in this system, which is multifaceted. Mechanisms preventing accumulation of mitochondrial senile markers include homeostasis of mitochondrial membrane potential, segregation of damaged mitochondrial content (mitochondrial "garbage"), fragmentation of the mitochondrial reticulum to separate healthy and nonfunctional mitochondria, containment of biochemical waste and disposal of the latter with initial labeling by ubiquitin for further recycling, and subsequent degradation via autophagy (mitophagy). Given the present level of knowledge, it is possible to assume that the degree and nature of ubiquitination is that cuckoo clock, which informs about the level of mitochondrial senescence. Note that ultimately this micromitochondrial clock (ubiquitination pattern) might precede the macromitochondrial clock in which every tick corresponds to the rising portion of malfunctioning mitochondria (ie, the increase in structural and functional heterogeneity of mitochondria with time associated with rise of the fraction of damaged mitochondria).
We have drawn a parallel between changes happening in time in mitochondria and in their evolutionary ancestors, bacteria. It is clear that mitochondrial aging is caused by both intrinsic factors, such as modification of mitochondrial components and extrinsic factors, including increasing loss of sensitivity of the mitochondrial quality control system to markers of damage. Similarly, we can draw another parallel between the mechanism of the mitochondrial quality control system and the mechanism of acquired immunity, both exhibiting qualitatively similar signs of aging.
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